ABSTRACT OBJECTIVE: Mechanically overloaded muscle and its subsequent damage are strong stimuli for eliciting acute hormonal changes, while the muscle adaptation which occurs following exercise-induced muscle damage may involve complex hormonal responses before the completion of muscle regeneration. The purpose of this study was to investigate systemic responses of various hormones, as well as secreted proteins that are exercise-regulated and associated with muscle adaptation, for several days after eccentric exercise-induced muscle damage in humans. DESIGN: Nine young male volunteers performed 50 maximal eccentric muscle actions using the knee extensor muscles of both legs. Blood samples were drawn before and at 6, 48 and 120 hours post exercise and serum levels of growth hormone (GH), insulin-like growth factor binding protein-3 (IGFBP-3), cortisol, prolactin, thyroid-stimulating hormone (TSH), free thyroxine (fT4), irisin, follistatin and sclerostin were measured. Myoglobin (Mb) concentration and lactate dehydrogenase (LDH) activity were also evaluated as indirect markers of muscle damage. RESULTS: Significant alterations in Mb and LDH were observed over time after eccentric exercise (p=0.039-0.001). A late serum increase in fT4 and decrease in irisin levels, along with an early and persistent decrease in IGFBP-3 levels, were observed following the muscle-damaging exercise (p=0.049-0.016). GH, cortisol, prolactin, TSH, follistatin and sclerostin exhibited moderate changes during the recovery period after exercise, though without reaching statistical significance (p>0.05), while correlational analyses revealed significant associations between GH and IGFBP-3, prolactin and sclerostin over time (p=0.049-0.001). CONCLUSIONS: The significant hormonal responses observed in this study may indicate their involvement in the regenerative mechanisms following muscle damage, potentially as part of a regulatory network to support a normal adaptation process after muscle-damaging exercise.
INTRODUCTION
Skeletal muscle overloading and overstretch, or their combination, that occur in eccentric muscle actions have been extensively shown to result in muscle damage, thus eccentric exercise has been utilized as a well characterized model to study contraction-induced 1-3 Eccentric exercise-induced muscle damage has been associated with structural and functional disturbances in the exercised muscle, with changes in its mechanical properties, loss of muscle fiber integrity and leakage of muscle proteins into the blood being some well [4] [5] [6] [7] Mechanical overloading of muscle and its subsequent damage appear to be strong stimuli for eliciting significant acute hormonal responses, which may be more critical to muscle tissue repair, remodelling and growth than chronic exercise-induced changes 8, 9 Moreover, hormones are sensitive to exercise-induced stress and play various roles in the anabolic/catabolic and metabolic drive which occur following exercise-induced muscle damage are likely to involve complex systemic responses of hormones and muscle-associated secreted proSuch potential interactions between hormones and other secreted proteins could therefore be part of an integrated system of signalling to mediate and support physiological adaptations to muscle mechanical overloading and damage, 9 hence, the net result of eccentric exercise-induced hormonal, metabolic and anabolic responses appears to be a novel adaptive 10 However, although much has been learned about the local mechanisms and the cellular and molecular interactions that mediate muscle regeneration and adaptation following exercise-induced muscle damage, 11-14 the role of systemic, and particularly hormonal, responses to muscle damage and its sublimited number of studies have examined the acute exercise-induced hormonal responses following mechanical overloading (resistance exercise) or muscledamaging eccentric exercise in humans, 9,15-17 while in those studies only few hormones, such as cortisol, testosterone or growth hormone (GH), have been investigated and this only for a short period of time, Thus, the challenge remains to further characterize the simultaneous systemic responses of various hormones and muscle-associated proteins during the regeneration process after muscle-damaging exercise in the context of their potential interactions in the purpose of this study was therefore to examine the eccentric exercise-induced responses of hormones 8 as well as secreted proteins that are exercise-regulated and have been associated with skeletal muscle regeneration and adaptation, [18] [19] [20] factor binding protein-3 (IGFBP-3), cortisol, prolactin, thyroid-stimulating hormone (TSH), free thyroxine of these hormones have aroused particular interest because of their potential role in exercise-induced [19] [20] [21] [22] [23] [24] In particular, irisin is a hormone predominantly expressed in human muscle 25, 26 and is required for the exercise-induced conversion of white 18, 25 In addition, follistatin is an antagonist of myostatin, the negative regulator of muscle regeneration, 27 while sclerostin is a mechanical loading-regulated protein whose serum levels have 20, 28 We monitored the serum changes of the aforementioned hormones and muscle-associated secreted proteins for several days after the completion of an eccentric exercise protocol in humans, posing the hypothesis that their circulating levels would be changed during the recovery period following exercise-induced muscle damage, thus suggesting their potential role as mediators of muscle regeneration and adaptation
MATERIALS AND METHODS

Ethical approval
All volunteers provided written informed consent to participate in this study, which was approved by the Ethics Committee of the National and Ka--mental procedures conformed to the Declaration of Subjects were physically active but had not participated in any type of resistance training or regular exercise regime for at least 6 months before the study and also were These volunteers were free of any lower extremity musculoskeletal disorders; they also refrained from taking any nutritional supplementations or medications subjects were not allowed to perform any vigorous physical activities during the entire experimental habitual diet and on the day prior to and the day of
Experimental design
The participants performed a maximal eccentric Before and at 6, 48 and 120 hrs after the eccentric exercise, blood samples were collected from each were chosen to cover an adequate period within the re-
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Eccentric exercise protocol
The subjects performed an eccentric exercise bout with the knee extensors of each leg on an isokinetic -3 Briefly, before the exercise protocol the subjects completed a familiarization session in which they were acquainted with the procedure of protocol consisted of 2 sets of 25 maximal voluntary eccentric (lengthening) muscle actions in isokinetic mode, while a 5-min break was allowed between
Blood sampling and serum analyses
Blood samples were withdrawn prior to and after the exercise bout (at 6, 48 and 120 hrs post exercise) participants were seated quietly for 30 min and 10 clot at room temperature for 30 min and serum was collected after centrifugation at 4,000 RPM for 10 min at 4 o o C -bin (Mb) concentration and lactate dehydrogenase (LDH) activity were assessed as indirect markers LDH activity was performed using an automated commercially available kit (Roche Diagnostics, Mannheim, Germany) in a Roche/Hitachi ACN 057 (Roche, Mannheim, Germany) at 37 o C, while myoglobin concentrations were determined using an immunoturbidimetric assay (Turbiquant, Dade Serum GH, insulin-like growth factor binding protein-3 (IGFBP-3), cortisol, prolactin, thyroidstimulating hormone (TSH), free thyroxine (fT4), irisin, follistatin and sclerostin were determined by standard sandwich enzyme-linked immunosorbent assay (ELISA) protocols using commercially avail---The colour formation was measured by a microplate at 450 nm and calculations were carried out using All samples were run simultaneously, analyzed in to the manufacturers, the minimal detection limits
-1 for GH, cortisol, IGFBP-3, prolactin, TSH, fT4, irisin, follistatin and sclerostin, respectively, while the intra-and inter-assay coefficient of variation (CV) were as
Statistical analysis
One-way analysis of variance (ANOVA) with repeated measures over time was used to evaluate test was conducted where the data had violated the assumptions necessary to run the repeated measures Where a significant F ratio was found for main effect post-hoc test or Wilcoxon signed-rank test with Boncorrelation coefficient (r) was used to determine cor-
RESULTS
Significant alterations in markers of muscle
Specifically, LDH activity levels were increased Myoglobin concentrations were significantly inshowed their peak response at 6 hrs post exercise Standard curves of the ELISA analyses (absorbance vs concentration) of all the factors examined had an R 2 muscle-associated secreted proteins after the muscleand prolactin showed moderate increases following eccentric exercise, which peaked at 6 hrs for GH and cortisol and at 48 hrs for prolactin, however without reaching statistical significance due to a large variability shown between the subjects' responses while fT4 also exhibited gradual increases post exerInterestingly, serum levels of both IGFBP-3 and irisin decreased post exercise and they were signifiexercise compared with the baseline (PRE) levels exercise responses were analyzed as percent changes in relation to baseline levels significant changes were revealed over time for IGFBP-3, irisin and fT4 ( 
exhibited a reverse pattern of response over time, decreasing gradually before exhibiting a late mild increase at 120 hrs post eccentric exercise, though those changes failed to reach significance due to a large individual variation in the circulating levels of Correlation analyses revealed significant positive associations over time between GH and prolactin Moreover, a significant negative correlation was found between GH and IGFBP-3 serum levels over
DISCUSSION
Our study examined the changes in the circulating levels of various hormones and secreted proteins associated with skeletal muscle regeneration and adaptation up to 5 days after an eccentric exercise protocol in order to reveal their potential involvement and interactions in the regeneration process following and sustained changes in the indirect markers of LDH into circulation post exercise, indicated that the eccentric exercise used in this study did result a late serum increase in fT4 and decrease in irisin levels, along with an early and persistent decrease authors' knowledge, this is the first study to show significant systemic responses of T4 and irisin during the regeneration period following muscle-damaging exercise, indicating the involvement of those hormones in the regenerative and adaptive mechanisms study revealed moderate systemic increases in TSH, GH, cortisol and prolactin over time, while circulating levels of secreted proteins follistatin and sclerostin An exercise bout represents physical stress for the body and induces an acute disturbance of its homeostasis, particularly in the exercised muscles but also in other cells and organs, while in the recovery 30, 31 Specifically, regulatory mechanisms appear to be quickly reengaged after a mechanical overloading (resistance) exercise workout so that homeostasis is restored within 1 8 However, following muscledamaging exercise, a longer, highly orchestrated sequence of responses is activated, initially associated with an inflammatory and degenerative phase at the site of damage and followed by the myogenic differentiation and fusion of myoblasts to complete 29 Although the role of thyroid hormones during muscle regeneration is not as yet fully defined, it is well known that skeletal muscle is a major target of thyroid hormone signalling while, further, this signalling regulates crucial biological functions, including energy expression of the thyroid hormone converting enzyme type 2 iodothyronine deiodinase (DIO2), which converts the prohormone T4 to the active hormone T3, is increased in developing or injured muscle and provides the potential for local control of the uptake of T4 as well as of its activation and inactivation 24 Moreover, there is compelling evidence of a functional link between DIO2 induction and myogenic differentiation 24 and also of an essential role of thyroid hormone signalling in 23, 32 Hence, the late elevated circulating levels of fT4, and to a lesser extent of TSH, found in the present study during the recovery period after muscle damage appear to corroborate the aforementioned functional interactions between thyroid hormones and muscle regeneration and further suggest the potential contribution of the circulating thyroid hormones, especially of thyroxine, Nevertheless, the importance of fT4 increase post exercise needs further investigation, since the main effect of thyroid hormones on myocyte growth and Moreover, the increased circulating fT4 levels could be a result of a decreased systemic (from the liver and/or kidney) activity of DIO2, which might result in though not significantly, cortisol levels found in this study could also lead to the inhibition of peripheral On the other hand, thyroid hormones are influencing factors in controlling energy balance and their signalling can modulate metabolic rate by either decreasing metabolic efficiency or by uncoupling Indeed, increased mitochondrial uncoupling in muscle and raised energy expenditure have been exhibited by individuals who had been treated with a T4 synthetic analogue and also by patients who had elevated serum 33, 34 Moreover, recent studies may have, 29 or may have not revealed 30 an association between thyroid hormones and the musclederived circulating protein, irisin, in thyrometabolic the exercise-induced conversion of white adipose tissue to brown, 18,25 promotes mitochondrial uncoupling in brown adipose tissue, thereby pointing to an important indirect role of muscle in the regulation of 24 Thus, it could be postulated that the gradually decreased circulating levels of irisin observed in the present study could influence adipose tissue metabolism and insulin resistance 35 during the At this point it should be mentioned that there are claims that many human irisin antibodies used in commercial ELISA kits lack required specificity and that when this hormone was measured by the precise mass spectrometry method 36 considerably lower con-our study, although it was clearly stated that irisin unequivocally circulates and is regulated by exercise 36 Taking into account all the above, we might speculate that the significantly decreased levels of irisin concurrently with the increased circulating fT4 levels may reflect a compensatory mechanism to counterbalance the raised energy expenditure expected to be induced by the elevated levels of T4 during 33, 34 The final outcome of the multiple events that take place following muscle damage is also influenced by a crucial balance between, among others, anabolic and the systemic responses of competitive (anabolic vs catabolic) hormones, such as GH and cortisol, during examining the more acute hormonal responses to mechanical overloading or muscle-damaging exercise have shown significant increases of those hormones [15] [16] [17] Such early responses may reflect the metabolic and/or physiological stress of exercise, whereas the late hormonal changes in the circulation are reflective of tissue homeostasis mechanisms involving protein metabolism and tissue 8, 37 The findings of our study suggest that eccentric exercise triggers only moderate adaptive changes of the anabolic/catabolic and physiological stressregulated hormones, 30 while the positive relationship found between GH and prolactin over time imply a systemic counterregulation of the anabolic and catabolic processes during the adaptation following Further, in this context, this study was the first focusing on the systemic responses of follistatin after shown to promote myogenic differentiation in vitro, as well as hypertrophy and muscle regeneration after injury in vivo, through myostatin blockage but also via 19, 21, 38 We revealed a pattern of response of follistatin similar to follistatin were not significantly high, they might imply the potential involvement of circulating follistatin as well in the regenerative and or anabolic adaptations following exercise-induced muscle damage, which is in accordance with recent findings regarding the therapeutic effects of systemic follistatin administra-
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Another interesting finding of our study was the decreased serum IGFBP-3 levels throughout the 5-day recovery period after exercise, which were negatively -eral, IGFBPs and particularly IGFBP-3 can modulate the IGF-dependent effects, both in the circulation and in the extracellular environment, via regulation of IGF-1 concentration and its local bioavailability in 39 We previously did not find any significant changes in serum IGF-1 levels throughout a period 12 However, less is known concerning late IGFBP-3 systemic responses after exercise-induced muscle of IGFBP-3 were only increased for the first hour after a mechanical overloading exercise and further suggested that the acute effect of a resistance exercise bout is not the changes in circulating IGF-1 levels but rather the manner in which this anabolic factor is 40 Moreover, a potentiation of IGF activity by IGFBP-3 has been demonstrated in many in vitro systems, leading to the concept that cell association and processing of IGFBP-3 to a form of reduced affinity to IGF-1 is involved in the enhancement of the availability of IGF-1 to its receptor(s), 41, 42 while, further, Hence, we could speculate that GH and IGFBP-3 responses and their negative correlations found in this study may indicate a GH-induced tissue accumulation of circulating IGFBP-3 as a mechanism of potentiating the regenerative and anabolic effects of IGF-1 fol- 12, 44, 45 Lastly, we explored the potential responses of sclerostin, which is secreted by osteocytes and acts as an inhibitor of bone formation and whose serum 20, 28 In particular, 8 wk of exercise training resulted in significantly decreased serum levels of sclerostin; however, there are no reports in the literature regarding the acute effects of muscle mechanical overloading and damageingly, in this study we observed a gradual decrease of circulating sclerostin up to 48 hrs after the single bout of eccentric exercise, before increasing (though without reaching significance) at 120 hrs post exercise, accompanied by its strong positive correlations with the potential interactions between muscle-damaging
In conclusion, the significant systemic hormonal responses observed in this study may point to their involvement in the regenerative mechanisms followand secreted factors released into the circulation act as part of a regulatory network to support a normal adaptation process following muscle-damaging exermechanisms by which hormonal responses are triggered and regulated at the systemic level during recovery would be of particular interest to investigate the end organ effects of the above hormonal alterations on target organs other than the damaged skeletal muscle, thus revealing potential clinical implications of this 
